A dendritic Ni@NiO core/shell electrode (DNE) is successfully fabricated by electrodeposition in a Ni-free electrolyte, with a Ni anode providing Ni ions through dissolution and diffusion. The unique structure is ideal for electrochemical energy storage since the dendrites provide a large surface area for easy electrolyte infiltration; the metal core improves the electrode conductivity with a shortened ion diffusion path, and the metal oxide shell is active for faradaic charge storage. As a result, the synthesized DNE demonstrates a high specific capacitance of 1930 F g À1 and a high areal capacitance of 1.35 F cm
Introduction
Electrochemical energy storage devices (EESDs) have attracted vast attention in recent years.
1 Nickel based materials have been identied as promising electrode materials for electrochemical energy storage devices because of their high theoretical specic capacitance ($2584 F g À1 for NiO and 2082 F g À1 for Ni(OH) 2 ), environmental friendliness and low cost. 2, 3 With the aim to provide a larger reaction area and shorten ion diffusion paths, many fabrication methods including chemical precipitation, 4, 5 hydrothermal synthesis, [6] [7] [8] [9] [10] [11] sol-gel, 12,13 thermal oxidation [14] [15] [16] and anodization 17, 18 have been used to produce various kinds of nickel-based nanostructures, such as amorphous Ni(OH) 2 nanoboxes, 5 Ni-Co oxide nanowires, 6, 19 Ni(OH) 2 nanosheets, 7, 11 NiO nanobelts, 8 nanosized rambutan-like NiO, 9 urchin-like NiCo 2 O 4 , 10 spinel nickel cobaltite aerogels, 12 NiO nanoowers, 13 NiO nanoblocks 14 and sponge-like Ni(OH) 2 -NiF 2 composites.
18
Apart from the above methods, electrodeposition has gained more and more attention because the electroactive material can be directly grown on a current collector without the need for using any binder or conducting agent. 20 Flaky Ni 3 S 2 (ref. 21 ) 3D concentration-gradient nickel-cobalt hydroxide nanostructures, 22 nickel-cobalt hydroxide nano-networks, 23 NiO nanotube based interconnected NiO nanoakes, 24 and ternary Ni-Co-Cu oxyhydroxide nanosheets 25 have been successfully synthesized by electrodeposition and proved promising for EESDs. However, most of the electrodeposited nickel-based materials are in the form of nanoakes or agglomerated nanoparticles, which lead to low specic surface areas (<30 m 2 g
À1
) and limited specic capacitances (<1000 F g À1 ).
26 Another problem facing the nickelbased electrode material is its low electrical conductivity, which not only restricts the power performance but also prevents the utilization of thick electrodes. 2, 24 One feasible approach to this problem is to electrodeposit nanosized active materials over a 3D conductive framework to form hybrid nanostructures, such as coaxial Ni x Co 2x (OH) 6x /TiN nanotube arrays, 20 hierarchical TiN@Ni(OH) 2 core/shell nanowire arrays, 27 and ITO/NiO nanowires. 28 Both the specic capacitance and power density can be improved as expected. However, the adhesion strength between the electrodeposited material and the nanostructured current collector is relatively weak, leading to an inferior cycle life (for example, $30% capacitance retention aer 200 cycles 27 and 7.3% capacitance loss aer 500 cycles 28 ). Moreover, the preparation of 3D conductive networks complicates the processing procedure and impairs the electrode fabrication efficiency. 20 Hence, it is still challenging to prepare nickel-based electrodes with both high capacity and excellent stability by electrodeposition.
Here we report a novel electrodeposition method by using a source-free electrolyte. A Ni anode acts as the source to provide a stable and low Ni ion concentration through dissolution and diffusion, which results in a low nucleation rate and anisotropic growth of a novel core/shell structured dendritic Ni@NiO electrode (DNE). The well aligned dendritic structure facilitates electrolyte penetration. The metallic Ni core provides efficient electron transport and greatly shortens the ion diffusion path in the NiO shell. A high specic capacitance of 1930 F g À1 is achieved at a current density of 2.9 A g À1 (areal capacitance $ 1.35 F cm À2 ), with a super-long cycle life (no capacitance decay aer 70 000 charge/discharge cycles). The power density is greatly enhanced, compared with other electrodeposited nickel-based materials.
2,29
The technique reported here has been shown to be effective in the electrodeposition of similar microstructures on various types of substrates.
Experimental

Materials preparation
All chemicals were of analytical reagent grade, and used as received. Prior to the experiment, nickel foils (0.2 mm in thickness, 99.6% in purity, Yirun Pte. Ltd., China) were degreased ultrasonically in acetone and ethanol, respectively, for 30 min, followed by washing with de-ionized (DI) water and drying in hot air. The electrodeposition of active materials was carried out by using a DC power supply (N5751A, Agilent Technologies Ltd, US) in unstirred ethylene glycol (EG) electrolyte containing NH 4 F (0.1% w/w) and DI water (3% v/v), with two nickel foils (0.5 Â 4 cm 2 ) as the anode and cathode, respectively. The foils were subjected to potentiostatic electrodeposition at 60 V for 60 min. All the experiments were carried out at 40 C in a controlled thermostat water bath. The deposited cathodic electrodes were soaked in ethanol for 2 hours and then rinsed with DI water, followed by drying in hot air.
Characterization
A scanning electron microscope (SEM, TM 3000, Hitachi, Japan) and a transmission electron microscope (TEM, JOEL JEM-2010, Japan) were used to characterize the microstructure. Energy dispersive spectroscopy (EDS) was employed to analyze the sample composition. X-ray diffraction (XRD, Rigaku D/max IIIA, Cu ka, l ¼ 0.15418 nm, Japan) was performed to examine the crystalline structure. The scraped-off powders of the DNE were used for the above measurements. Raman spectra were taken on a HORIBA HR800 Raman spectrometer at 488 nm. X-Ray photoelectron spectroscopy (XPS, Thermo Microlab 350) measurements were employed to study the surface composition of the DNE material inside an ultrahigh vacuum chamber. Electrochemical characterizations, such as cyclic voltammetry (CV), galvanostatic charge/discharge (GCD) and electrochemical impedance spectroscopy (EIS, 5 mV amplitude, 0.01-10 kHz frequency range), were carried out by using an electrochemical workstation (CHI660e) in 1 mol L À1 NaOH with a three-electrode system. Platinum was used as the counter electrode, and a saturated calomel electrode (SCE) was used as the reference electrode.
Results and discussion
In our method (Scheme 1), at the beginning of electrodeposition, the Ni 2+ mainly came from the eld-assisted anodic deposited on the substrate. Compared with the bare Ni substrate, the electrodeposited DNE, consisting of crystallized Ni, showed preferred growth along the h111i direction, characteristic of the dendritic morphology of Ni. 32 The dendritic structure can also be easily identied from TEM (Fig. 1b) , with micro-to nano-branches ( Fig. 1c and S3 †). The elemental mapping of Fig. 3b is shown in Fig. S4 . † The high-resolution TEM (HRTEM) image (Fig. 1d) shows a d-spacing of 0.207 nm in the core of dendrites, corresponding to the interplanar distance of (111) planes of Ni and is consistent with the XRD results. In the corresponding selected area electron diffraction pattern (SAED, Fig. 1e ), a distinct ring is observed, corresponding to the (111) plane of Ni nanocrystals. 33, 34 The shell of dendrites is, however, amorphous. This core-shell structure is also veried by the fast Fourier transformation (FFT) patterns, as shown in Fig. 1f and g. EDS (Fig. S5 †) reveals that the asprepared dendrites contain both Ni and O elements, suggesting that the outer surface (shell) of the as-prepared dendrites is amorphous nickel oxide.
This core/shell structure was further studied by XPS. Fig. 2a shows the Ni 2p XPS spectrum with two shake-up satellites (denoted as Sat.) near the two spin-orbit doublets at 856.1 and 873.8 eV, which can be assigned to Ni 2p 3/2 and Ni 2p 1/2 signals of NiO, respectively. 35, 36 In addition, another Ni 2p 3/2 peak at 852.9 eV, corresponding to the Ni element, 37 can be identied. The atomic ratio of Ni 0 to Ni 2+ was 1 : 10, as estimated from the peak areas. This result implies that the surface of dendrites mainly consists of NiO, as XPS normally probes a depth in the order of 10 nm. 38 An XPS depth prole (Fig. 2b) was carried out to verify the core/shell structure. A gradual increase in Ni and decrease in O with the proling depth are observed (Fig. 2c) , consistent with the Ni core and NiO shell structure. The XPS survey spectrum (Fig. S6 †) shows no detectable signals other than Ni, O and adventitious carbon on the surface of the dendrites, indicating that no impurities were introduced during the electrodeposition. Fig. 2d shows the Raman spectra of the DNE, where the bands at 529.5 and 1078.1 cm À1 correspond to the one-phonon LO and the two-phonon 2LO modes of NiO, respectively, 39,40 conrming the existence of NiO. Before the evaluation of the electrochemical performance of the DNE, the electrode was electrochemically activated in a three-electrode system in 1 mol L À1 NaOH aqueous electrolyte.
A gradual increase of the current density with cycle number was observed (Fig. S7 †) . A distinctive pair of redox peaks between À0.2 and 0.65 V is due to the insertion/extraction of OH À ions (NiO + OH À À e À # NiOOH), 41 illustrating the typical faradaic behaviour of the DNE. Fig. 3a shows the typical cyclic voltammetry (CV) curves of the as-prepared DNE aer the electrochemical activation. With increasing scan rate, the current density increases accordingly, and there is no big change in the shape of CV curves, indicating that the DNE is a good conductor with a small equivalent series resistance (ESR) and excellent rate properties. The linear relationship between the cathodic peak current and the square root of the scan rate shows that the reaction process at the electrode was diffusion controlled rather than charge transfer limited. At a scan rate of 5 mV s À1 , the specic capacitance of the DNE calculated from CV is 1557 F g À1 (1.02 F cm À2 ) (Fig. 3b) , better than previous reports. 17, 42, 43 When the scan rate is increased to 100 mV s
À1
, the DNE has a good rate capability with more than 60.7% retention of the capacitance (945 F g À1 , 0.66 F cm À2 ).
The excellent electrochemical performance of the DNE was further conrmed by the galvanostatic charge-discharge (GCD) measurement (Fig. 3c) . Charge/discharge plateaus in the GCD curves show strong faradaic behaviour, in agreement with the CV. At a current density of 2.9 A g À1 (2 mA cm À2 ), the specic capacitance of the DNE is 1928.5 F g À1 (1.35 F cm À2 , calculated from the discharge curve). This value is superior to those of the reported state-of-the-art nickel-based electrodes (Table S1 †) . The high specic surface area (85.5 m 2 g À1 , Fig. S8 †) of the DNE is one of the factors that contribute to this outstanding electrochemical performance. The rate capability of the DNE at different current densities is also good, with only 29.2% decay when the current is increased from 2.9 A g À1 to 58 A g À1 (Fig. S9 †) . Electrochemical impedance spectroscopy (EIS) of the DNE (Fig. 3d) shows that the ESR (R s ) of the as-prepared DNE is about 1.4 U, indicative of a low electrolyte resistance and a low contact resistance between the active material and the current collector. The high frequency region of the EIS shows a depressed semicircle with a charge transfer resistance (R ct ) of 0.8 U (inset of Fig. 3d ) that is much lower than those reported elsewhere, 17, 44 implying a high power density. The low frequency portion of the EIS shows a straight line, representing the Warburg impedance, resulting from the ion diffusion/migration in the electrolyte. The large slope of the straight line indicates that the ion diffusion at the electrode-electrolyte interface was fast enough to catch up with the frequency change. The equivalent circuit of the DNE is shown in Fig. S10 . † Fig. 4a shows the variation of the gravimetric capacitance of the DNE in the cyclic test up to 70 000 cycles. During the rst 800 cycles, the augmented specic capacitance was much greater than that at the rst cycle (Fig. S7 †) . Notably, the capacitance continuously increased in the initial 20 000 cycles. From 20 000 to 60 000 cycles, there was no obvious drop in capacitance (945 F g À1 ), demonstrating excellent electrochemical stability of the DNE. Aer 60 000 cycles, the capacitance is still 110% of the initial value (859 F g À1 ), which slightly declines to 100% up to 70 000 cycles. To explore more details of the unique electrochemical reaction during cycling, CVs at different cycling stages are compared (Fig. 4b) . Aer 800 cycles, the anodic peak potential shied from 0.48 to 0.55 V, while the cathodic peak potential remained unchanged at 0.3 V. This phenomenon is attributed to the phase transition from g-Ni(OOH) to b-Ni(OOH).
30,45-47
The continuous increase in capacitance in the rst 40 000 cycles is contradictory to the fact that b-Ni(OOH) has poorer electrochemical activity than g-Ni(OOH). 30 We ascribe the increased capacitance to the gradual transition of the Ni core of the dendrites into b-Ni(OOH) during the cycling process, 48, 49 resulting in exceptionally superior cycle life and good capacitance as compared with other recent reports. 17, [50] [51] [52] This gradual transition of Ni into b-Ni(OOH) during cycling does not affect the coulombic efficiency or the rate capability too much (Fig. S11 †) . Fig. 4c shows that the characteristic Raman peaks of NiO (LO and 2LO modes) can still be observed in the DNE aer 800 cycles. Aer 8000 cycles, a new peak at 714. 2 2 continues up to 40 000 cycles, as the intensities of the corresponding Raman peaks keep on increasing. Aer 70 000 cycles, however, the Raman peaks of Ni(OH) 2 disappeared and the intensities of the NiO peaks became remarkably weaker, indicating that the Ni core stopped its reaction with the electrolyte and the NiO and Ni(OH) 2 were partially dissolved in the electrolyte during repeated ion intercalation/deintercalation cycling. This result agrees with the cyclic test where the capacitance starts to decay aer 70 000 cycles. Hence, the ultra-long cycle life of the DNE results from the continuous transformation of the newly exposed Ni core into NiO and Ni(OH) 2 during the cycling process. The dendritic core@shell morphology of the DNE (Fig. 4d  and 5a ) remains almost unchanged even aer 70 000 cycles, revealing a remarkable structural stability. Moreover, partial transformation of the Ni core boundary into crystalline NiO that has a d-spacing of 0.147 nm corresponding to the interplanar distance of the (220) plane of NiO was also observed aer 70 000 cycles (Fig. 5b and c) . The corresponding SEAD pattern shows diffraction rings corresponding to the (111) and (220) planes of NiO nanocrystals. These results are consistent with the Raman spectra analysis.
It can be seen from the above results that the key to the superior electrochemical performance of the DNE is its unique dendritic core/shell microstructure, with the Ni core being a good conductor that shortens the ion diffusion path and the NiO shell possessing a large amount of electrochemically active sites for an excellent faradaic capacitance. Moreover, the gradual transformation of the Ni core into an electroactive material helps the DNE maintain an ultra-long cycle life. This unique microstructure results from the Ni-free electrolyte used in our work, where Ni 2+ ions come from the Ni anode under potential or over-potential, different from previous work with a Ni 2+ -containing electrolyte as the only Ni source for electrodeposition. 55 In this study, a viscous organic electrolyte (EG) was used to control the diffusion of Ni 2+ (ref. 29 and 56) in order to get a steady deposition on the cathode for the formation of the dendritic DNE. A small amount of water is necessary for the reduction of Ni 2+ and the deposition of Ni on the cathode. As water was gradually depleted, the local pH increased and the surface of the electrode was gradually passivated, forming a layer of oxide or hydroxide 30, 57, 58 to cover the Ni core. Thus, the dendritic Ni@NiO core/shell structure was nally formed.
Similar to the preferential free growth of dendrite silver or platinum, 59 which was driven by overpotential or thermal undercooling, the dendritic Ni core also grew along the h111i direction (Fig. 1) . In the electrodeposition of nickel, dendrite growth along the preferred orientation frequently occurs under high current density or overpotential. 60, 61 Among the many factors that control the dendrite growth, the most important one is the H + ions from water electrolysis, whose content and migration rate affect metallic overpotential and thus the nucleation rate. 62 It is well known that the hydrogen evolution reaction (HER) involving an intermediate H adsorption could make an important contribution to the preferential oriented growth. 56, 63 At the cathode, H + is slowly consumed by hydrogen evolution. Reddy et al. proposed that the change of nickel texture is induced by variation in surface hydrogen adsorption which depends on temperature, additive and current density.
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Since temperature affects the diffusion of Ni 2+ and H + , and the viscosity of the electrolyte, to elucidate the effect of temperature on the growth of dendrites, several different temperatures were tried. The electrodeposition current was the most stable at 40 C under an applied voltage of 60 V (Fig. S12 †) , indicating steady ion diffusion and migration. The stable current density ensures a stable hydrogen evolution and bubbles can be observed on the surface of the cathode. Since the growth of the dendritic DNE depends on the kinetic equilibrium of nickel dissolution, dissociation of DI water, hydrogen evolution and nickel deposition, the use of viscous EG could keep smooth and stable migration of Ni 2+ , OH À and H + , as well as proper hydrogen evolution. In order to elucidate the effect of electrolyte, different electrolytes were also tried. When EG was replaced by DI water and/or Ni(Ac) 2 , the as-prepared samples showed poor electrochemical performances (Fig. S13 †) . As shown in Fig. S14 akes or particles (Fig. S15 †) and showed poor cycle life (Fig. S16 †) . Besides, the water content also affects the amount of H + ions and ion diffusion in the viscous electrolyte. Our results
showed that the sample prepared in the electrolyte of 3 vol% water exhibited the best electrochemical performance (Fig. S17 †) . NH 4 F also played an important role in the electrochemical deposition (Fig. S18 †) . When NH 4 F was replaced by NH 4 Cl, the formation of the active materials was difficult. Additionally, the deposition time also affects the electrochemical performance of the electrodes (Fig. S19 †) . A too-short or too-long deposition time is detrimental to the specic capacitance of the electrodes, with 1 hour being the optimum deposition time for the growth of a well-developed dendritic structure with a slim enough yet interconnected Ni core. At different stages of electrodeposition (Fig. S20 †) , the deposited material experienced three levels of structural evolution, from nanoneedles to microbranches and nally to dendrites.
It is also interesting to note that such a dendritic morphology can be obtained by electrodeposition on not only Ni foil, but also other substrates, such as, stainless steel plates, TiO 2 nanotube arrays, and stainless steel nets (Fig. 6 ). This indicates that our electrodeposition method (in Ni-free electrolyte) is universal to deposit dendritic Ni-compounds on many types of substrates, versatile for different applications.
Conclusions
In summary, a dendritic Ni@NiO core/shell electrode is fabricated by one-step electrodeposition in a source-free electrolyte. The unique architecture of the DNE results in excellent gravimetric capacitance (1930 F g À1 at 2.9 A g À1 ), high rate capability and ultra-long cycle life (100% aer 70 000 cycles), showing great potential for energy storage applications. Our method may also be extended to other metal systems, such as Co@Co 2 O 3 and Fe@Fe 2 O 3 for the exploration of high capacity EESDs.
